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Abstract 
Germanium is an indirect semiconductor which attracts a particular interest as an electronics and 
photonics material due to low indirect to direct band separation. In this work we bend the bands 
of Ge by means of biaxial tensile strain in order to achieve a direct bandgap. Strain is applied by 
growth of Ge on a lattice mismatched InGaAs buffer layer with variable In content. Band structure 
is studied by photoluminescence and photoreflectance, giving the indirect and direct bands of the 
material. Obtained experimental energy band values are compared with a k·p simulation. 
Photoreflectance spectra are also simulated and compared with the experiment. The obtained 
results indicate direct band structure obtained for a Ge sample with 1.94 % strain applied, with 
preferable Г-valley to heavy hole transition. 
Introduction 
In recent years there has been extensive on-going research in the field of optical interconnects1–3. 
However an integrated laser-on-a-chip still faces the bottleneck of different substrate materials 
typically used in current industrial processes for lasers and transistor structures. There are different 
approaches proposed to combine these substrates such as flip-chip2,4 or wafer bonding5-7. Other 
approaches propose growth of both the laser and transistor structures on a single chip. Some 
success was reported on InP substrates,8,9 but the high cost of InP wafers is discouraging for 
broader applications. Growth of a laser directly on a Si substrate encounters challenges given by 
the lattice mismatch between common laser materials and Si. However there are a number of 
interesting results in this field obtained by growth of a buffer GaAs layer on a Si substrate10 and 
by growth of materials with similar lattice parameters, such as GeSn11-13.  
Germanium is a promising material for both photonic and electronic applications. It is an indirect 
gap semiconductor, but has a direct band valley merely 0.14 eV above the conduction band. This 
band can be lowered in energy by applying tensile strain to Ge14,15, turning it into a direct gap 
semiconductor. This method can also be applied to boost charge carrier mobility16–18, which has a 
profound effect on transistor switch rate and is critical for electronic applications. When attempting 
to increase power density on a chip through miniaturization of the next generation of transistors, 
heat dissipation becomes challenging in standard MOSFETs. Heat is generated not only by 
transistors, but also by the connection wires. Instead, increasing the transistor switch rate allows 
keeping the same wiring with an increase of overall processor clock rate. Also Ge FETs are 
candidates for low voltage stage gap transistors19. These properties of Ge will provide low energy 
consumption with easier heat dissipation than existing Si technology. In this paper, we study the 
band of Ge under biaxial tensile strain, applied by growth of Ge on a lattice mismatched InxGa1-
xAs layer, by means of photoluminescence (PL) and photoreflectance (PR) studies. In the 
beginning we describe the theoretical model of Ge crystal used to calculate energy levels and 
electron-hole wavefunctions coupling in the crystal under various strain and temperatures. In the 
next section we describe growth conditions of the studied samples. This is followed by the 
experimental methods, PL and PR in particular, including the theory used for spectra 
interpretation. The main section presents and discusses the results obtained from the experiment 
and the theoretical modelling, with a short summary in the conclusion section. 
Theoretical model of strained Ge 
The quantum well energy levels and optical coupling between conduction and valence bands were 
calculated as follows: 
We used the 30 band k·p approach that includes the effects of strain from D. Rideau et al20, which 
is based on experiment and GW21 calculations. We added the temperature dependence of the L and 
Г bands to this model from experiments22. 
The quantum confinement was solved using the envelope approximation numerically, using the 
k·p Hamiltonian mentioned above. The boundary conditions were given by the experimental 
values of the band gap and effective masses of InGaAs and the calculated band-offsets from Ref23. 
We used the boundary matching conditions from W.A. Harrison24. The temperature dependence 
of the energy gaps in InGaAs is taken from Ref25. 
The latter approach gives permitted crystal momentum k values for the k·p model. The optical 
coupling constants are extracted from the momentum operator between the wave-function of the 
permitted states in the k·p model: 
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The electron phonon coupling Hel-ph between the L and Г bands has been calculated in Ref18. 
The Seraphin-Bottka coefficients used to fit the photoreflectance spectra are extracted from first 
principles simulations of the real and imaginary parts of the macroscopic dielectric function ε𝑚. 
The latter is calculated within a linear response independent particle framework. The local density 
approximation (LDA) to Kohn-Sham Density Functional Theory (DFT) is used along with plane 
wave basis sets and pseuodpotentials. A self-consistent ground state26–28 for the minimum energy 
geometry is calculated at a plane wave kinetic energy cutoff of 50 Rydbergs, and a grid of 
12×12×12 k-points used to sample the Brillouin Zone. The energy gap at the Г point is 
subsequently corrected with the GW approximation21,29 (where G is the independent particle 
Green’s function and W is the dynamically screened Coulomb interaction) using numerically 
converged numbers of unoccupied states and off-diagonal elements in the dielectric response 
function. The GW correction yields realistic optical transition energies which are used to calculate 
ε𝑚 from the expression
29: 
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where q is an arbitrary wave vector, G is a reciprocal lattice vector. The q→0 limit is taken due to 
the extremely small momentum, relative to the crystal momentum, carried by a photon. The 
response function χ is calculated using the Kohn-Sham wavefunctions (these are obtained from a 
finer grid of 24×24×24 k-points when calculating εm) and the independent particle Green’s function 
G29. Local-field effects (χ(G≠0,G^'≠0)) have a negligible effect on εm up to ~1.5 eV above the valence 
band edge, and given the energy range used for the Seraphin-Bottka coefficients (see Figure A3 in 
the Appendix), the extra computational load of including local field effects in the response function 
is avoided and only diagonal elements of χ are obtained for the optical spectra. In addition, χ(ω) is 
corrected by a material dependent factor (a) which partially accounts for the variations in the 
response function (relative to an independent particle framework) due to the static long range 
contribution to the exchange correlation kernel, yielding improved lineshapes for optical spectra 
in better agreement with experiment30,31. The corrected response function χa is obtained from 
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and a is related to the static dielectric constant as 
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of the refractive index are calculated from the real (ε1) and imaginary (ε2) parts of εm,32 the 
Seraphin-Bottka coefficients α and β can be obtained from the relations33,34: 
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Where the quantities A and B are related to n and k as 
( )2 23 1  ,A n n k= − −  (1.9) 
and 
( )2 23 1 .B k n k= − −  (1.10) 
In previous works, these relations between the Seraphin-Bottka coefficients and εm have been used 
by Sundari and Raghavan34 to evaluate the degree of disorder present in experimental samples of 
tetrahedrally bonded semiconductors, and by Bondi et al33 to assess the contribution to optical 
spectra of suboxide composition and bonding disorder in oxide terminated Si nanowires. In this 
work, they provide a convenient way to extract parameters for experimental photoreflectance 
spectra, starting only from plane wave pseudopotential DFT calculations. 
Material Synthesis 
The unintentionally doped epitaxial Ge thin films investigated in this work were grown using a 
dual-chamber, solid-source molecular beam epitaxy (MBE) growth process. To this end, separate 
group IV and III-V reactors, connected via an ultra-high vacuum transfer chamber, were utilized 
in order to minimize interatomic diffusion and cross-species contamination during growth35. 
Starting substrates of either (001)GaAs or (001)Si, offcut 2° to 6° towards the [110] direction in 
order to minimize the formation of anti-phase domain boundaries,36,37 were first desorbed of native 
oxide at 750 °C and 940 °C, respectively, noting that GaAs native oxide desorption was performed 
under an ~1×10-5 Torr As2 overpressure. For samples utilizing GaAs substrates, a 0.25 μm 
homoepitaxial GaAs buffer was grown at 650°C (0.5 μm/hour growth rate) following native oxide 
desorption, thereby creating an atomically-flat growth surface for subsequent epitaxy. For samples 
utilizing Si substrates, a multi-step, cyclically-annealed 2.0 μm GaAs metamorphic buffer was 
grown so as to bridge the lattice constants between GaAs and Si and mitigate the propagation of 
defects and dislocations within subsequent epitaxial III-V and Ge layers. Following GaAs buffer 
growth, an up to 1.9 μm linearly graded InxGa1-xAs metamorphic buffer was grown at 550°C, 
wherein the thickness and strain grading rate were selected based on the desired strain-state of the 
overlying Ge epilayer, and thus Indium (In) composition of the subsequent constant-composition 
InxGa1-xAs stressor. Specifically, In stressor compositions of 11 %, 15 %, 17 %, 24 %, and 29 % 
were selected (samples B, C, D, E, and F, respectively), corresponding to empirical strain states of 
0.82 %, 0.95 %, 1.11 %, 1.6 %, and 1.94 %, respectively, as determined via x-ray diffraction 
analysis and independently confirmed using Raman spectroscopy38–40. Upon completion of the 
InxGa1-xAs stressor, the samples were gradually cooled to 100°C and immediately transferred in 
vacuo to the group IV growth chamber. Thin 15 nm to 240 nm Ge epilayers were then grown at 
400°C utilizing a low Ge growth rate of ~0.025 μm/hour and finally cooled to room temperature 
following growth at a rate of 5 °C per minute, thereby minimizing relaxation and unintentional 
thermal stress accumulation due to the mismatch in thermal expansion coefficients between 
materials. Unstrained epitaxial Ge controls (sample A) were also grown on (001)GaAs and (001)Si 
utilizing the aforementioned procedures with the substitution of a 170 nm AlAs isolation layer 
grown at 600 °C (0.17 μm/hour growth rate) preceeding the GaAs metamorphic buffer growth. 
Complete growth and materials characterization details, including sample-specific capping layer 
growth (samples C, D, and F) and Ge critical thickness considerations, are reported elsewhere.35,38–
40 
Experimental Methods 
Low temperature photoluminescence (PL) was utilized to obtain band gap information of the 
designed materials. For sample excitation, a Ti:Sa pulsed laser was used with a power of 0.4 W, 
focused on a 6 µm spot at the sample surface, giving 1.4 MW/cm2 . Samples were held inside a 
liquid nitrogen cryostat with temperature range from 80 K to 300 K. Emission of the sample was 
focused though a longpass filter to a monochromator equipped with a liquid nitrogen chilled InAs 
detector. For sample surface monitoring and precise focusing, a CCD camera with an external LED 
source was used during alignment, similar to a confocal microscope setup. This arm was inserted 
in the setup with the help of a removable 50/50 beamsplitter placed prior to the focusing objective 
and the sample holder. This beamsplitter was removed after alignment, providing full PL focused 
on the monochromator slit.  
The photoreflectance41 technique was used to study transition energies above the band edge. A 
405 nm, 40 mW laser diode was used to perturb an electric field at the surface of the material. This 
results in perturbation of the complex dielectric function of the semiconductor, which in turn 
defines the reflectance of the semiconductor.  
Broadband tungsten light source is placed in one entrance of the monochromator slit to provide a 
wavelength range for a reflection spectrum of the sample. Liquid nitrogen chilled detector with a 
longpass filter was used to measure the reflection response. 
A longpass filter was used to cut any emission at wavelength shorter than 1 µm and avoid second 
order diffraction peaks in the spectra. A combination of longpass filters was also used to study 
spectra in the 0.7-1.4 µm range and the 1.3-2.6 µm range. All samples were placed in a liquid 
nitrogen cryostat and chilled to 80 K.  
The standard chopper modulation technique allowed tracking of the changes in reflectance with 
and without perturbation. This setup configuration provided detection of the photoreflectance 
signal with no influence of the PL on the spectral shape. Photoreflectance spectra were fitted using 
Franz-Keldysh (FKO) oscillation42 and third order derivative lineshape (TDLS). 
The (FKO) model is based on the complex Airy functions and was explained in detail by Estrera43, 
Seraphin and Bottka44, Aspnes45 and Batchelor46. Based on their research we used the following 
set of equations: 
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Parameter C is a combination of amplitude parameters; tan φ represents ratio of Seraphin- Bottka 
coefficients α and β; Г is a broadening parameter in energy units, related to the lifetime of charge 
carriers, and amplitude Г0 - a modified nominal broadening at transition energy; δ  is the 
Batchelor’s fitting parameter, related to defects in the structure; Ec is the critical energy of the 
transition; ћθ is related to the lattice perturbation strength in the lattice: 
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where e is an electron charge; µ|| is a joint interband effective mass of the solid and Ɛeff is an 
effective built-in electric field in the lattice.  
The functions F and G are electro-optics functions of the first and second kind45 : 
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where Ai(x) is the Airy function and Ai'(x) is its derivative and u(x) represents the unit step 
function, taking a value of 1 for positive x and 0 elsewhere. It should be noted that the critical point 
E=Ec is omitted from the fit due to resultant infinities in F and G. 
The TDLS approximation was first used for PR approximation by Aspnes47. He stated that in the 
case of low perturbation field, the relative change in reflection can be defined by:  
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where C, Г and φ have similar meaning to the definitions above; n=3 for two-dimensional parabolic 
model densities of states. In his work Aspnes omits the terms corresponding to 1/E2, however in 
the case of large broadening it can play a significant role and hence we included it in the model.  
A simplified TDLS model is often used,48–50 but it is valid only in the case of low and uniform 
electrical perturbation of the crystal material51,52. Low perturbation can be estimated from the 
experiment as the case of ∆R/R≤10-4. 47  
Any source of background noise, such as PL, can generate an offset on the PR spectra dR+R0. This 
offset is normally compensated by the lock-in, but can have some effect on the graph. For this 
purpose, an offset parameter R0 was added to the fitting.  
  
Results and Discussions 
In this work, Ge samples with applied biaxial tensile strain from 0 % to 1.94 % are studied. Ge 
strain, structure and thickness parameters are summarised in Table 1. Some samples (C, F) have a 
GaAs or InGaAs capping layer grown over the strained Ge and are used only in the PL analysis.  
Table 1. Description of Ge sample structures 
Sample Strain 
(%) 
Cap Structure Ge thickness 
(nm) 
A 0 No Ge bulk 
B 0.82 No Ge/In0.11Ga0.89As/GaAs/Si 40 
C 0.95 Yes GaAs/Ge/In0.16Ga0.84As/GaAs 15 
D 1.11 No Ge/In0.17Ga0.83As/GaAs/Si 30 
E 1.6 No Ge/In0.24Ga0.76As/GaAs 28 
F 1.94 Yes InGaAs/Ge/In0.29Ga0.71As/GaAs 15 
 
A) Photoluminescence 
Figure 1(a) depicts PL of sample A (Table 1), which is a Ge/AlAs/GaAs/Si layer structure. Ge has 
a 0.05 % smaller lattice parameter than AlAs, so in this sample a thick 240 nm Ge layer on a 
170 nm layer of AlAs which is well above critical thickness and results in no strain (ε=0 %).  
 
Figure 1. (a) Photoluminescence spectra of Ge/AlAs (Sample A) under ε=0 % biaxial tensile strain depending on temperature, 
(b) experimental (circles) and calculated (triangles) peak energy (black line) and normalised integrated intensity (red line) 
versus temperature. 
The peaks of the emission for this and the following PL spectra are fitted using a Lorentzian 
function. The sample A peaks are centered at 0.725 eV (1710 nm) and 0.706 eV (1756 nm) at 
80 K. k·p modelling of energy bands showed the the L-valley to light holes (L-lh) transition with 
energy 0.746 eV. Measured peaks corresponds to longitudinal acoustic (LA) and transverse optical 
(TO) phonon assisted recombination, similar to reported53. At low temperature there are less free 
phonons in the crystal, phonon-assisted recombination from the L-band generates a phonon. For 
this reason at low temperature emission energy is lower than energy gap with rest of recombination 
energy transferred into a phonon. At high temperature there are more phonons in the crystal and 
recombination happens after absorption of a free phonon. This results in increase of emission 
energy as well phonon is not generated, but absorbed. Red shift of the PL emission, as the 
temperature changes from 80 K to 240 K, can be seen in Fig. 1(b), corresponding to temperature 
dependence of the L-valley. Temperature dependence of L band is also compared with absorption 
experiments22.  
 
Figure 2. (a) Photoluminescence spectra of GaAs/Ge/In0.16Ga0.84As/GaAs (Sample C) under ε=0.95 % biaxial tensile strain 
depending on temperature, (b) experimental (circles) and calculated (triangles) peak energy (black line) and normalised 
integrated intensity (red line) versus temperature. 
Sample C (Table 1) is a structure of layers GaAs/Ge/In0.16Gas0.84As/GaAs with GaAs and Ge layer 
thickness of 15 nm each. It has an ε=0.95 % biaxial tensile strain in the Ge layer. This sample 
provided bright PL, shown in Fig. 2(a). Peak emission at 80 K corresponds to 0.687 eV (1805nm) 
band gap energy. As can be seen there is a 40 meV (98 nm) red shift in comparison to the sample 
with no strain, which is expected due to the shrinking of the energy gap under tensile strain for 
such a thin sample. Bright emission can be explained via the compounding effects of strain-
dependent gain enhancement, prohibitively large energy separations between the L and Γ 
conduction band minima, and momentum contribution to the indirect L-valley light holes (lh) 
recombination path from exciton-generated longitudinal acoustic (LA) phonons39. In the former 
case, several theoretical54–56 and experimental57,58 studies have demonstrated the effects of 
increasing tensile strain and doping concentrations on optical gain (or absorption) in Ge films. 
From these previous results, one would expect that the lower energy spectral features would exhibit 
higher relative PL intensities when compared with the higher energy features, as will be seen later 
in Fig. 5 comparing samples with 0 % and 0.95 % of strain. 
 
Figure 3. (a) Photoluminescence spectra of Ge/In0.24Ga0.76As (Sample E) under ε=1.6 % biaxial tensile strain depending on 
temperature, (b) experimental (circles) and calculated (triangles) peak energy (black line) and normalised integrated intensity 
(red line) versus temperature. 
Next, sample E (Table 1) has a similar composition with some increase in strain. This is a 
Ge/In0.24Ga0.76As/GaAs structure with Ge layer thickness of 28 nm. Biaxial tensile strain applied 
to Ge in this case is equal to ε=1.6 %. The center of emission at 80 K corresponds to 0.631 eV 
(1944 nm). An interesting behaviour in the PL spectra is observed with increasing temperature as 
seen in Fig. 3(b). The PL spectra red shifts to 0.614 eV (2020 nm) at 160 K before blue shifting to 
0.640 eV (1938 nm) as the temperature further increases to 290 K. Also, the broad nature of the 
PL emission for this sample is noticeable in Fig. 3(a). This sample corresponds to the indirect-to-
direct bandgap transition point for the Ge according to 30 band k·p simulation shown in Fig. 8(b). 
Reasons for this blue shift include different charge carrier lifetimes inside the indirect L-valley 
and direct Г-valley as well as the presence of nonradiative recombination inside the structure. 
Defects within the structure strongly suppress emission from the indirect L-valley transition, due 
to the slow recombination rate in the indirect channel. Indirect transitions require a phonon for 
motion in k-space. For this reason, the probability of two carriers (an electron and a hole) 
coinciding is higher than that for 3 entities (an electron, a hole and a phonon), so transitions from 
the direct Г-valley have a faster recombination rate. This also means that leakage of charge carriers 
through non-radiative recombination channels has less effect on direct bandgap emission 
compared to indirect bandgap emission. This results in domination of the direct bandgap emission 
at higher temperatures over the indirect and emission switch, which gives a blue shift with increase 
of temperature.  
Another point is that according to Fermi-Dirac distribution, at higher temperatures there is a broad 
distribution of energies of the charge carriers and thus a higher possibility of recombination with 
energies above the energy gap. If the Г-valley is slightly above the L-valley, emission from the 
Г-valley becomes more pronounced at higher temperature, which is observed in Sample E. High 
density of states in the heavy holes (hh) valley in comparison with the lh valley in the case of large 
population also results in further increase of the emission blue shift. Similar results on the transition 
between indirect and direct bandgap emission with increase of temperature in Ge have previously 
been reported at temperatures >300K59–64. The low temperature (160 K) observed in our 
experiment is explained as a close indirect-to-direct crossover point for the sample E. 
  
Figure 4. (a) Photoluminescence spectra of InGaAs/Ge/In0.29Ga0.71As/GaAs (Sample F) under ε=1.94 % biaxial tensile strain 
depending on temperature, (b) experimental (circles) and calculated (triangles) peak energy (black line) and normalised 
integrated intensity (red line) versus temperature. 
Sample F (Table 1) has a structure of Ge/In0.29Ga0.71As/GaAs with the highest concentration of In 
in the buffer layer presented in this work. This concentration of In provides a biaxial tensile strain 
of ε=1.94 %. The center of the PL peak at 80 K for sample F is at 0.739 eV (1678 nm). This 
emission corresponds to the Г-hh transition which according to the 30 band k·p simulation (Fig. 8) 
has energy 0.762 eV. It has been reported that experimental collection geometries normal to the 
sample surface (i.e. in the z direction) favour conduction band coupling with the hh valence band65. 
This gives an additional credence to a pronounced blueshift of emission in the sample E. The high 
intensity of the Sample F emission is consistent with emission from the direct bandgap. It blue 
shifts by 40 meV (96 nm) at room temperature, providing temperature dependence of the Г-valley. 
Spectra of the samples with varying tensile strain measured at T=80 K are summarised in 
Fig. 5 with intensity normalised to Sample F. It is clear that with increase of strain up to 1.6 % 
there is a red shift in sample emission, but for the sample F with the highest strain (1.94 %) its 
emission energy is higher than that of the unstrained sample A, which also proves a transition not 
to lh, but to hh. Relaxation of the strain in the sample F, which could be proposed to explain the 
blue shift of the emission, is not consistent with Sample F having the highest PL intensity of the 
discussed samples (see Fig. 5). Furthermore, the sample with the highest strain has the highest 
emission intensity, which is a feature of direct transition. Growth of a cap layer is known to result 
in marked improvements of the optical properties of semiconductor hetero- and nanostructures and 
this effect is usually associated with reduction in the large concentration of non-radiative defects 
(e.g., dangling bonds) usually present at the sample surface66. In our studies, the difference in PL 
intensity for the capped and uncapped samples was about 30% in favor of uncapped structures 
(Figure A1 in the Appendix) so adding a capping layer is not reducing or increasing nonradiative 
recombination channels and not influencing carrier density in the Ge layer. (It is possible that the 
second interface between Ge and III-V material could generate additional defects in the QW). 
 
Figure 5. PL spectra at different biaxial tensile strain (Samples A, C, E, F) at 80 K. 
B) Photoreflectance  
For a closer examination of the tensile strain effect on the direct bandgap of Ge, the samples were 
studied with photoreflectance spectroscopy. Experimenal PR spectra were fitted using two models: 
TDLS and complex Airy discussed previously. A high number of critical energies could improve 
fit quality however could also generate artificial peaks which compensate deviation of the model 
and experiment. To keep consistency between samples with different strain we used minimum 
number of critical energies in all fits: two critical energies to fit only major spectral features. In 
the end of this section there is a simulation of a PR spectra which includes all quantum levels of 
the 0.55-1.24 eV spectral range. 
 
Figure 6. Photoreflectance spectrum of Ge under ε: (a) Sample A - 0 % (b) Sample B - 0.82% (c) Sample D - 1.11 % (d) 
Sample E - 1.6 % biaxial tensile strain at 80 K, fitted with 2 TDLS functions. Open circles correspond to the experimental data, 
red lines – fit including 2 TDLSs, depicted in green and blue respectively. 
TDLS fits of PR spectra of the samples A, B, D, E are shown in Fig. 6(a)-(d) respectively. Since 
Seraphin-Bottka coefficients of a semiconductor are slowly changing with the wavelength67,68 we 
used the same 𝝋 parameter for all critical energies within a fit. Figure 6 has experimental points 
with the fitted curve overlaid including separate lines for each TDLS feature to indicate the 
contribution of each. PR spectrum of the unstrained Ge sample A (Fig. 6 (a)) at 80 K provided a 
critical point at 0.889 eV, which is close to the theoretically expected value of Г-hh transition equal 
to 0.881 meV . The critical point for the second TDLS feature was found at 1.183 eV, which is 
close to the predicted split-off band at 1.177 eV.  
All PR critical energies are close to Г-hh and split-off band transition energies obtained from k·p 
calculation (Fig. 8). The reason why Г-hh transitions are seen rather than Г-lh originates from 
higher electron-hole coupling for heavy holes over light holes65 also mentioned in the PL 
discussion of sample E. For most of the spectra, some spectral features are visible at the expected 
values of the Г-lh transition, however these are too faint to make a clear assignment of a signal 
from this transition or obtain a reliable fit.  
These weak oscillations are particularly noticeable in Fig. 6(b) for the sample B with 0.82 % of 
strain. Notwithstanding the possibility of sub-band transitions, these most likely originate from 
Fabry-Perot oscillations of the light in the optical cavity created between the top and bottom edges 
of the sample structure. Thin layers create interference of the light which can affect the spectral 
shape69 and in some cases can generate a destructive interference of the PR signal. The absence of 
a signal corresponding to emission from the L-band in the PR spectra of the thick unstrained Ge 
(sample A) adds further credence to this hypothesis. With increasing strain, the critical energy 
obtained from the fitting exhibits a red shift as expected from the k·p simulation. 
Sample D with Ge under 1.11 % strain (Fig. 6(c)) was grown without a cap layer on top of the Ge. 
Critical energies corresponding to Г-hh and split-off band in this case are found to be 0.780 eV 
and 1.033 eV. Capped samples C and F (Table 1), as well as others not presented in this work, did 
not give any detectable PR response from Ge. This originates from the fact that perturbation of the 
semiconductor by the reflected laser light reduces exponentially with the depth of the material. 
Besides that Ge PR response is created from perturbation of the surface states of Ge which do not 
present in the capped samples.   
PR spectra of sample E (Table 1) with ε = 1.6 % tensile strain is presented in Fig. 6(d). The critical 
points for this sample are at 0.778 eV and 1.023 eV. The spectral feature in between these critical 
points could correspond to an additional critical point, however a similar feature is observed in the 
unstrained sample A between Г-hh and split-off band (Fig. 6(a)) with no sub-band transition that 
can be attributed to this energy. So deviation between the theoretical model and the experimentally 
fitted data can be also attributed not to another sub-band energy, but to imperfection of the TDLS 
model.  
Table 2. TDLS fit parameters. 
Sample Strain, 
ε (%) 
Function Amplitude, 
 C 
Phase, 
φ (rad) 
Broadening, 
Г (eV) 
Energy, 
E (eV) 
A 0 TDLS 1 -4.781e-08 3.798 0.05907 0.889 
  TDLS 2 2.882e-07 3.798 0.1617 1.174 
  offset -2.236e-05  
B 0.82 TDLS 1 2.546e-07 3.970 0.147 0.806 
  TDLS 2 2.212e-07 3.970 0.148 1.084 
  offset -4.25e-05  
D 1.11 TDLS 1 8.223e-08 3.704 0.131 0.780 
  TDLS 2 1.789e-08 3.704 0.078 1.033 
  offset -2.680e-05  
E 1.6 TDLS 1 1.454e-08 4.379 0.085 0.778 
  TDLS 2 1.162e-08 4.379 0.060 1.023 
  offset -2.324e-05  
 
All fitting parameters for TDLS fits are summarised in Table 2. With an increase of strain, there 
is an expected red shift for the first critical point in energy from 0.89 eV for the unstrained sample 
(sample A) to 0.78 eV for the 1.6 % tensile strained sample (sample E).  
Since TDLS model shows some deviation with the experiment, an Airy fit for the samples A, B, 
D and E is also performed (Fig. 7 (a)-(d)). Similar to TDLS each fit was performed for 2 critical 
points. Since perturbation is the same for all energy levels, the ћθ parameter for both critical points 
is also equal. All Airy fit parameters can be found in Table A1 of the Appendix. One can see that 
for samples B and E fitting parameter ћθ<Г/3 which means they are in the low-field regime, while 
for samples A and D ћθ~Г which corresponds to the intermediate-field measurements. Effective 
built-in electic field was also estimated from the ћθ parameter and mobility µ. It should be noted 
that Sample B has a lower value of effective built-in electic field (310 kV/cm) then that of Sample 
A (153 kV/cm). For this reason, a clear selection of either TDLS or Airy functions for 
photoreflectance spectra based on the value of ћθ is not possible in our case. Comparing the quality 
of TDLS and Airy fit one can note a better coverage of Airy fits for the Samples A and E. There 
is almost no difference for the samples B and D. Critical points of Airy and TDLS fits in addition 
to PL peak points are shown on the top of theoretically calculated band energies in Fig. 8. 
 
Figure 7. Photoreflectance spectrum of Ge under ε: (a) 0 % (b) 0.82 % (c) 1.11 % (d) 1.6 % biaxial tensile strain at 80 K, fitted 
with 2 Airy functions. Dotted lines corresponds to the experimental data, red lines – fit including 2 Airy functions, depicted in 
green and blue respectively. 
TDLS critical points of the samples A, B, D, E follows the trend of the theoretically calculated 
Г-hh in Fig. 8. In addition to this PL peak of the sample F follows the trend of the PR critical 
points. Taking into account increase of PL intensity (see Fig. 5) this gives an additional 
confirmation of the direct bandgap nature of PL emission from the sample with the highest strain.  
The photoreflectance spectrum contains information on all critical points of the band structure. 
Due to quantum confinement in the thin Ge layer, electron and hole energy levels are situated not 
at the band edge, but at a number of sub-band energy levels. This affects the quality of fitting in 
Figs. 6 and 7. To make a PR model that includes all quantum energy levels, the TDLS parameters 
for all sub-bands are calculated directly. 
 Figure 8. Theoretical bandgap-strain dependence for Ge calculated using a 30 × 30 k·p model taking into account quantisation-
induced bandgap enhancement at decreased ε-Ge layer thicknesses for 40 nm, 30 nm and 15 nm quantum wells. Experimental 
peaks given by PL and PR data are shown as circles over theoretically predicted transitions from Г- and L- valley to light (lh) 
and heavy (hh) holes. 
The optical coupling, given by the square of the momentum matrix element between the electron-
hole wave functions is used as a relative amplitude parameter for each critical point. Density of 
states (DOS) is related to charge carriers lifetime and thus is taken as a broadening with a general 
scaling coefficient for all sub-band energies. Sub-band energies, DOS and broadening (Figure A2 
in the Appendix) are calculated for 40 nm quantum confinement for ɛ=0.82 % biaxial tensile strain 
and for 30 nm quantum confinement for ɛ=1.11 %. Phase parameters are calculated from Seraphin-
Bottka coefficients (Figure A3 in the Appendix), assuming equality of 𝒆𝒊𝝋 terms in Airy and TDLS 
functions. The resulting TDLS functions are obtained from the model and are depicted in Fig. 9. 
As seen from those graphs PR model of 0 %, 0.82 % and 1.11% of biaxial tensile strain corresponds 
to experimental Samples A, B and D (Table 1). There are number of assumptions done during this 
simulation, such as ideal surface of Ge quantum well, homogeneous strain within Ge layer as well 
as general TDLS simplifications. We also simulated Seraphin Bottka coefficients without 
including quantum constrains. This simplifications effect on the simulation quality, however this 
simulation gives number of features visible in the experimental spectra and has quality comparable 
with the other70. I should also mention certain deficit of PR spectra simulations even though PR 
spectra require careful interpretation. 
 Figure 9. Full photoreflectance spectra simulation on the top of experimental data for (a) unstrained sample (b) ɛ=0.82 % model 
over sample D spectra (c) ɛ=1.11 % model over sample E spectra. Г-lh, Г-hh and split-off sub-band transition energies are 
depicted as a vertical dashes. 
Conclusions 
In this article, we discussed the band structure of germanium under tensile strain. Utilising k·p 
modelling band transitions were calculated numerically and then confirmed in the experimental 
study. Using photoluminescence, the indirect L valley was determined at various strain and 
temperatures. The photoreflectance identified the change of direct bandgap with increase of strain 
and confirmed theoretical assumptions about high heavy hole coupling in germanium. 
Photoreflectance spectra were analysed using TDLS and FKO models and compared with a 
simulated photoreflectance spectra. The TDLS approximation fit had the advantage in obtaining 
energy values close to the Г-hh and split-off transition energies obtained from k·p simulation, 
while the Airy fit showed better coverage of the experimental data. The indirect to direct crossover 
was reached in this study between the samples with 1.6 % and 1.94 % lattice mismatch of Ge and 
InGaAs layers.  
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Appendix  
 
Figure A1. Photoluminescence spectra of Ge/In0.24Ga0.76As/GaAs (Sample E) and InGaAs/Ge/In0.24Ga0.76As/GaAs (Sample E 
capped) under ε=1.6 % biaxial tensile strain at 8K 
  
Table A1. Airy fit parameters. 
Sample Strain, 
ε (%) 
Function Amplitude 
C (a.u.) 
Phase, 
φ 
(rad) 
Pertur-
bation, 
ћθ (eV) 
Efficient 
Built-in 
Electric 
Field, 
Ɛeff 
(kV/cm) 
Batchelor, 
δ (eV-1) 
Broadening, 
Г (eV) 
Energy, 
E (eV) 
A 0 Airy 1 0.001003 2.965 0.06928 153.40 11.23 0.05013 0.8687 
  Airy 2 0.0005207 2.965 0.06928  0 0.2844 1.170 
  offset -2.559e-05  
B 0.82 Airy 1 0.002095 1.706 0.1095 309.66 2.137 0.5292 0.7811 
  Airy 2 0.0009086 1.706 0.1095  7.266 0.3495 1.081 
  Offset -4.611e-05  
D 1.11 Airy 1 0.0003073 2.034 0.1555 526.89 11.09 0.1283 0.7786 
  Airy 2 -0.0002524 2.034 0.1555  11.79 0.1224 1.039 
  offset -3.264e-05  
E 1.6 Airy 1 0.0006077 1.972 0.06432 141.44 0 0.5670 0.7440 
  Airy 2 -0.001164 1.972 0.06432  25.53 0.4594 1.015 
  offset -1.803e-05  
 
  
 Figure A2. k·p calculations of electron-hole wavefunction coupling and density of states (DOS) for sub-band transition energies 
in (a) 40nm Ge quantum well with ɛ=0.82 % biaxial tensile strain (b) 30nm Ge quantum well with ɛ=1.11 % biaxial tensile 
strain. 
 
Figure A3. Calculated (a) α and (b) β Seraphin-Bottka coefficients in Ge at 80K and at 0 %, 0.8 % and 1.1 % biaxial tensile 
strain. 
 
 
